The purpose of this study was to characterize spontaneous oscillations of blood flow in the cerebral cor tex of anesthetized rats under control conditions and after mean arterial pressure was altered by various means. Blood flow was monitored using a laser-Doppler flowme ter through the closed cranium. Spontaneous flow oscil lations with amplitudes of 14-30% of the mean flow and frequencies of 4-11 cycles/min were recorded when arte rial pressures were less than 90 mm Hg. Stepwise hem orrhagic hypotension and unilateral carotid occlusion in creased the amplitude of oscillations. The amplitude of oscillations was negatively correlated with the level of
Cerebral blood flow is well autoregulated in the face of changes in arterial pressure, at the same time it is tightly coupled to cerebral metabolism. Feedback systems with high gain often show oscil latory behavior, and spontaneous oscillations in ce rebral circulatory parameters have been repeatedly demonstrated as periodic variations in blood vol ume (Dora and Kovach, 1980; Tomita et aI., 1981) , arterial diameter (Auer and Gallhofer, 1981; Gotoh et aI., 1982; Hundley et aI., 1988; Fujii et aI., 1990) , oxygen availability (Clark et aI., 1958; Cooper et aI., 1966; Halsey and McFarland, 1974; Manil et aI., 1984) , NAD-NADH oxidative state (Dora and Ko vach, 1980) , cytochrome a-a3 redox state (J6bsis, 1978), and regional red cell flow assessed by the laser-Doppler flowmetry (Rosenblum et aI., 1987; Fasano et aI., 1988; Dirnagl et aI., 1989) . A system-mean arterial pressure after manipulation with norepi nephrine or sodium nitroprusside. The oscillations were reversibly abolished during dilation of the cerebral circu lation by elevating the inspired carbon dioxide content to 5%. The frequency of flow oscillations was very stable during all of the above maneuvers except during the in fusion of norepinephrine, which increased the oscillation frequency slightly. The results suggest that flow oscilla tions are determined primarily by cerebral arterial pres sure. Key Words: Cerebrovascular circulation-Blood flow velocity-Microcirculation-Hypotension-Hemor rhage-Hypercapnia.
atic study of the factors influencing cerebral blood flow oscillations, however, has not been performed.
The laser-Doppler flow (LDF) measurement is a new, noninvasive method that is particularly suit able to assessing phasic changes of the flux of red blood cells in tissues. The method was originally developed for the measurement of blood flow in the skin (Nilsson et aI., 1980) ; however, its application to measure cerebral blood flow has been increasing over the past few years. Changes in cerebral blood flow have been assessed by the LDF method, e.g., in experimental hypotension (Gygax and Wiernsperger, 1983; Mizoi et aI., 1987) , cerebral ischemia (Chen et aI., 1986; Dirnagl et aI., 1989) , chronic hypertension (Skarphedinsson et aI., 1989) , and after direct electrical stimulation of various sites in the brain (Iadecola and Reis, 1990; Suzuki et aI. , 1990) . Previous studies have also demonstrated that relative changes in LDF signal obtained from cerebral tissues correlate well with blood flow mea sured by radioactive microspheres (Eyre et aI., 1988) or the hydrogen clearance technique (Skar phedinsson et aI., 1988; Haberl et aI., 1989) .
Recently, blood flow oscillations in the frequency range of 0.5 to 8 per minute have been reported in the cerebral cortex of the rat (Dirnagl et aI., 1989) .
The amplitude of flow oscillations ranged up to 30% of the mean LDF value. No attempt, however, was made to characterize oscillatory behavior.
The present study describes large-amplitude os cillations in LDF that accompany reductions in mean arterial pressure even though local blood flow was well autoregulated. The purpose of this study was to characterize the oscillations in LDF in the cerebral cortex under control conditions and after mean arterial pressure was altered by hemorrhage, drug administration, unilateral carotid occlusion, and changes in the inspired oxygen content. In ad dition, the effects of unilateral carotid occlusion and changes in inspired CO2 were studied. Our hypoth esis was that cerebral flow oscillations depend pri marily on cerebral arterial pressure.
METHODS

Animal preparation
Sixteen Sprague-Dawley rats (240--340 g) were anes thetized by intramuscular injection of 0. 1 ml of ketamine followed by intraperitoneal injection of 25 mg/kg of so dium pentobarbital (SPB). This method of anesthesia was selected in order to minimize the dose of barbiturate, which is known to depress cerebral blood flow and me tabolism as well as arterial blood pressure. Animals were tracheotomized and both femoral arteries were cannu lated (PE50), one for the measurement of arterial pres sure, and the other for the withdrawal of blood. One fem oral vein was cannulated for the infusion of drugs. Both carotid arteries were placed in a snare within PE60 tubing for the purpose of carotid artery occlusion. All animals were artificially ventilated (Harvard rodent ventilator, model 683, South Natick, MA, U. S. A. ) with room air or various mixtures of 02' N2, or CO2, The gases were mixed using a calibrated three-tube flowmeter (model GP05-3, Spectra Gases, Irwington, NJ, U. S. A. ). Arterial blood gas values were checked regularly (model 168, Ciba Corning, Medfield, MA, U. S. A. ) . Baseline values aver aged as follows: p02' 92 ± 6 mm Hg; pC02, 34 ± 5 mm Hg; and pH, 7. 47 ± 0. 04. Body temperature was main tained at 37 ± 1°C using a water-circulated heating pad.
The head of the rat was placed in a stereotaxic appa ratus (model 900, David Kopf, Tujunga, CA, U. S. A. ). The scalp and connective tissue were removed in a 1. 5 cm 2 area. A burr hole of 1. 5-2 mm in diameter was drilled in the cranium using a low speed (0--8,000 rpm) air drill (model Rhino XP, Midwest Dental, Des Plaines, IL, U. S. A. ) with the aid of a stereomicroscope. The skull was periodically cooled with saline during drilling. The hole was made as deep as possible without penetrating the skull. The cranium was left partially closed in order to maintain the isolation of cerebral tissue from the atmo sphere and to allow vibration-free placement of the flow probe over the tissue without indenting the dura. The remaining thin cranial plate was devoid of blood vessels. Epidural and pial vessels were visible through the cranial window. The location of the window was 3 to 4 mm lat eral from the sagittal suture and 2 to 7 mm caudal from the bregma. We usually started with a frontal location (2-3 mm from the bregma). If a vessel larger than 100 f-lm was J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 visible in the field, another burr hole was drilled posterior to the previous one, and used for the study.
Flow measurement and protocol
Blood flow was monitored using a laser-Doppler flow meter (model PF3, Perimed, Stockholm, Sweden) and a flow probe (model PF316, dental probe) with a tip diam eter of -1 mm. The probe was lowered to the bottom of the burr hole using a micromanipulator until it gently touched the cranial plate and its position was left un changed throughout the experiment. Blood flow oscilla tions were recorded using the 12 kHz low-pass filter set ting and 1. 5 s time constant.
When flow oscillations were present, the following tests were performed: (a) sequential withdrawal of arte rial blood, in steps of 1. 0 ml, to a total of 6 ml; (b) uni lateral occlusion of the common carotid artery; (c) intra venous infusion of norepinephrine (10-6 M at 0. 5 f-lm/ min); (d) intravenous infusion of SNP (10-5 M at 0. 2 mlimin); (e) alteration of the inspired O2 content (Fi02) between 14 and 35%; and (f) inhalation of 5% CO2, The tests were performed randomly in each animal except the hemorrhagic hypotension, which was always the last test to be performed.
Statistical analysis
Statistical differences between data sets were analyzed by Student's t test, multiple regression, and analysis of covariance (ANCOV A). The following model was se lected for multiple regression: A = aP + bX + cPX, where A is the oscillation amplitude in relative units, P is mean arterial pressure, and X is a third variable, such as the value of Fi02. In the case of drug administration and carotid occlusion, the ANCOV A allowed for the factoring of the effect of changes in blood pressure from the data before the dependence of the oscillation amplitude on the maneuver was tested. A p value of <0. 05 was considered statistically significant. The personal computer software packages Statgraphics (Version 2. 6, STSC, Rockville, MD, U. S. A. ) and Sigmaplot (Jandel Scientific, Corte Madera, CA, U. S. A.) were used for the analysis.
RESULTS
General observations
Cerebral blood oscillations with frequencies of 4-11 cycles/min were observed in 15 of 16 animals. The oscillations had no correlation with the cardiac or respiratory cycles. The amplitude of oscillations was between 14 and 30% of the mean flow. In most experiments, flow oscillations appeared spontane ously after attaining steady-state physiological con ditions. We noticed that the development of cere bral blood flow oscillations was associated with falls in arterial pressure that occurred after surgery or when supplemental doses of SPB were adminis tered. The oscillations almost always appeared whenever the mean arterial pressure fell to <90 mm Hg. In general, the extent of change in pressure appeared to be a more important determinant of the oscillation amplitude than the method of changing the blood pressure.
The frequency of flo � oscillations showed little variation from animal to animal, and it was remark ably stable during the experiments. Figure 1 sum marizes the observed oscillation frequencies. The mean frequency was 6.4 ± 1.4 (SD) cycles/min. In some experiments, spindle-type oscillation patterns were also observed (Fig. 2) . The amplitude modu lation of the spindles was sometimes as high as 100% of the mean flow. The cycle length of ampli tude modulation was usually between 1 and 2 min.
The effect of hemorrhagic hypotension
Sequential withdrawals of arterial blood pro duced an average fall in mean arterial pressure of 7.8 mm Hg for each milliliter of blood withdrawn (r = 0.682, p < 0.001). Figure 3 depicts an example of the effect of hemorrhagic hypotension and it il lustrates the negative correlation between the am plitude of flow oscillations and mean arterial pres sure (r = -0.812, p < 0.001). The oscillation ampli tude correlated better with the mean arterial pressure (MAP) than with the volume of blood withdrawn.
Autoregulation was very effective during the tests, i.e., the slope of the mean flow-pressure re lationship was not different from zero in the range of MAP from 57 to 85 mm Hg (Fig. 4) . In some animals, the total amount of blood withdrawn was reinfused. Reinfusion of heparinized blood in creased the arterial pressure and eliminated the os cillations in cerebral blood flow. 
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The effect of carotid occlusion
Unilateral occlusion of the common carotid ar tery produced a transient fall in mean blood flow ( Fig. 5 ) that was followed by a return of mean blood flow to control. The mean flow was also unchanged following release of the occlusion. The correspond ing mean LDF signals (mean ± SD) were 4.12 ± 1.52 V before, 3.66 ± 0.95 V during, and 4.26 ± 1.06 V after unilateral occlusion of the carotid artery.
Unilateral carotid occlusion invariably enhanced the amplitude of blood flow oscillations. Figure 5 depicts the oscillation amplitude and MAP before, during, and after occlusion. The effect of carotid occlusion on blood pressure was not statistically significant using either a paired or unpaired t test, most likely due to the variability in the effect of Effect of hemorrhagic hypotension occlusion on MAP. To account for this variability, the statistically independent effect of carotid occlu sion was tested by the ANCOV A with MAP as co variate and the presence of occlusion as a factor. The ANCOV A indicated a statistically significant independent effect of occlusion on oscillation am plitude, which was additive to the general effect of MAP.
The effects of vasoactive agents
Intravenous infusion of norepinephrine (NE) in creased the MAP by 30 ± 13 mm Hg (mean ± SD, p < 0.05) and decreased the amplitude of flow os cillations from 33 ± 6 to 20 ± 7% (p < 0.05). NE also increased the frequency of flow oscillations from 5.7 ± 0.9 to 7.7 ± 1.4 (p < 0.05). The infusion of SNP decreased the MAP by 13 ± 6 mm Hg (p < 0.05) and increased the oscillation amplitude from 19 ± 5 to 28 ± 9% (p < 0.05). Figure 6 shows that there was a significant linear correlation (r = 0.87, p < 0.001) between the change in oscillation amplitude and the change in MAP induced by drug administration. In order to find out whether the changes in oscillation ampli tude were the direct effect of drug administration or were due to the consequent change in arterial pres sure, ANCOV A was performed with the normal ized MAP as a covariant variable and with NE and SNP as factors. The results indicated that SNP ex erted an effect (p < 0.05) on oscillation amplitude independent of its effect on arterial pressure.
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Inhalation of 5% CO2 eliminated the flow oscilla tions without a change in MAP. After returning the CO2 content of the inspired air to zero, cerebral blood flow oscillations reappeared quickly in all cases with the same amplitude and frequency as before CO2 inhalation (Fig. 7) .
Altering the oxygen content of the inspired air between 14 and 35% did not directly influence the amplitude of flow oscillations. However, elevation of Fi02 increased the arterial pressure (r = -0.69, p < 0.05), which could have obscured a possible positive effect of Fi02 on the oscillation amplitude. MUltiple regression of this subset of data with MAP and Fi02 as variables revealed that MAP had a sig nificant negative effect on the amplitude of oscilla tions (r = -0.77, p < 0.005) during variations of Fi02 (Fig. 8 ). The coefficient of interaction between Fi02 and MAP was also significantly different from zero (p < 0.05), indicating that Fi02 influenced the oscillation amplitude by decreasing its sensitivity to the changes in pressure.
.I 
DISCUSSION
The purpose of this study was to characterize the factors influencing spontaneous oscillations in cere bral cortical blood flow in the rat. The important finding of the study was the frequent occurrence of large-amplitude flow oscillations that were indepen dent of the cardiac and respiratory cycles and were enhanced whenever arterial pressure was reduced.
Methodological considerations
In previous studies, spontaneous flow oscilla tions have been rarely observed, e.g., in about 20% of the recordings of LDF in the rat cerebral cortex (Dirnagl et aI., 1989) . Similar flow oscillations with frequencies of 6-12/min were occasionally seen un der intraoperative conditions in the human cerebral cortex (Rosenblum et aI., 1987; Fasano et aI., 1988) . The reason for the scarcity of flow oscillations in other studies might have been the exposure of the cerebral cortex to the atmosphere resulting in hy pocapnia, alkalosis, and vasoconstriction (Navari et aI., 1978) , or the different methods of anesthesia. Our preparation had the advantage that the dura and the cranium were not open during the exper iment. The dura of the rat is a 2-5 f..l m thick trans lucent membrane containing very few blood vessels (Morse and Low, 1972) ; thus, it does not interfere with the LDF signal, as noted by others (Dirnagl et aI., 1989) . It was suggested (Hundley et aI., 1988) that the sparsity of cerebral vasomotion was due to anesthesia. Vasomotion of the basilar artery was occasionally suspended by 10 mg/kg of SPB (Fujii et aI., 1990) . In our hands, the oscillation amplitude was always enhanced following 0.1 ml supplemental doses of SPB, which were usually followed by a fall in MAP. The same effect of SPB was found with regard to 4-8/min oscillations in pial artery diameter (Auer and Gallhofer, 1981) , cerebral blood volume, NAD-NADH (Dora and Kovach, 1980) , and oxy gen availability (Manil et aI., 1984) .
The spindle-type oscillations occasionally seen in this study were also noted in pial arterial vasomo tion (Auer and Gallhofer, 1981) . Whether the spin dles are due to waxing and waning of vasomotion activity or they represent an interference pattern of oscillations of neighboring arterial regions cannot be decided from the present data. A very low frequency oscillation pattern was described in the pial arterial system in the frequency range of 0.5-1.5 cycles/min (Auer and Gallhofer, 1981; Hundley et al., 1988; Lefler et aI., 1990) , which is close to the modulation frequency of the spindles of this study.
Localization of LDF oscillations
Laser-Doppler flow oscillations may reflect peri odic changes in flow velocity, hematocrit, or vas cular volume; the latter could be associated with changes in vessel diameter or with capillary recruit- ment. The large amplitude of LDF oscillations de tected in � 1 mm 3 tissue indicates that the source of these oscillations must be either the coherent vaso motion of several small blood vessels or the vaso motion of a larger feed vessel. Synchronous oscil lations in LDF and capillary blood flow velocity in the 4-10/min frequency range were observed in groups of 5-10 capillaries in the testicular microcir culation (Damber et aI., 1986) . Capillary hematocrit (Fagrell et aI., 1980) and capillary pressure (Mahler et aI., 1979) in the human skin oscillate with a sim ilar frequency. Clear synchrony of skin LDF and capillary flow velocity was not found when the sites of measurement of the two methods were a few millimeters apart (Fagrell et aI., 1986) . Different probe sites displayed asynchronous flow oscilla tions in forehead skin (Smits et aI., 1987) . Oscilla tions with different frequencies (5-10/min) could be blocked locally in the testicular circulation (Damber et aI., 1983) . These observations suggest that the source of flow variation is at the arteriolar or small arterial level in these tissues.
In the brain, pial and large cerebral arteries (Fujii et aI., 1990 ) may be involved in the generation of flow oscillations. Pial and large cerebral arteries each offer about one-quarter of the total cerebro vascular resistance in the resting state (Rosenblum and Commonwealth, 1977; Kontos et aI., 1978; Werber and Heistad, 1984; Hudetz et aI., 1987) . Therefore, coherent oscillation in pial artery diam- Vol. 12, No.3, 1992 eter of 5% (Auer and Gallhofer, 1981) or up to 15% (Gotoh et aI., 1982) would result in a 20-70% oscil lation in pial artery resistance. Although this change in pial resistance would result in about a four times smaller change in total cerebrovascular resistance, regional flow oscillations of 10--40% may be ex plained by the redistribution of flow provided that pial vasomotion was regionally asynchronous; thus, the driving pressure across the pial arteries was maintained.
Coherent diameter oscillations were occasionally seen in the pial arterial tree without predominant localization or restriction to arteries of a given size (Auer and Gallhofer, 1981) . Branches of the basilar artery participate in the vasomotion with the same frequency (4.8/min). Simultaneous vasomotion of adjacent pial arteries and veins has also been ob served (Gotoh et aI., 1982; Hundley et aI., 1988) . Coherence in vasomotion is suggested by the pres ence of vascular volume oscillations in the cerebral cortex (Dora and Kovach, 1980; Tomita et aI., 1981) . The correlation distance of cerebrocortical oxygen oscillations is about 1.5 mm (Clark et aI., 1958; Cooper et aI., 1966; Manil et aI., 1984) , which may indicate the size of the vascular area partici pating in the blood flow oscillations.
Pressure dependence of LDF oscillations
Spontaneous flow oscillations were enhanced by a slow fall in MAP, which was elicited by various maneuvers. The range of MAP in which oscillations developed was similar in all maneuvers. A similar pressure dependence was found in spontaneous os cillations of cerebral tissue oxygen availability (Hal sey and McFarland, 1974; Manil et aI., 1984) . Pial artery vasomotion of 3-8/min in frequency was ini tiated, or its amplitude was increased, when MAP was reduced by bleeding from 100-160 to 40-90 mm Hg (Auer and Gallhofer, 1981) . The vasomotion was abolished upon reinfusion, which was accom panied by an increase in MAP. The amplitude of basilar artery vasomotion increased with moderate decreases in pressure, but it was reduced to zero at a MAP of 50 mm Hg (Fujii et aI., 1990) . A lower threshold of MAP at which flow oscillations would be inhibited was not reached in our study. We noted that rapid reductions in MAP, such as those seen in the study of Auer and Gallhofer (1981) , suspended the flow oscillations; however, they did not if the pressure was reduced more slowly. On the other hand, LDF oscillations could never be induced by increasing the MAP in this study.
The pressure dependence of the oscillation am plitude was most marked during hemorrhagic hy potension, which was characterized by autoregula-tion of mean blood flow. Unilateral carotid occlu sion also amplified the oscillations at maintained mean blood flow, which was independent of a change in MAP. The pial artery pressure falls dur ing systemic hypotension (Stromberg and Fox, 1972) , and the distal cerebral arterial pressure also falls during carotid occlusion (unpublished results). Together, these observations suggest that, as far as pressure is concerned, the amplitude of flow oscil lation is determined by local pial or cerebral artery pressure, rather than the systemic arterial pressure. Thus, the MAP would influence the oscillations as far as the change in pressure is transmitted to the cerebral arteries. This concept remains to be proven by further studies.
The pressure dependence of flow oscillations is compatible with the hypothesis that flow oscilla tions develop in an intermediate range of vascular tone (Wilkin, 1988; Fujii et aI., 1990) . This range of vascular tone may correspond to a range of MAP that is influenced by vasoactive agents, Fi02, and carotid occlusion. In this study, the frequency of oscillations was fairly constant despite the large changes in the amplitude of oscillations. A mathe matical model of spontaneous periodic vasomotion (Hudetz and Monos, 1985) suggests a theoretical possibility as to how the amplitude of oscillations may be modulated without a change in the oscilla tion frequency.
Although hemorrhagic hypotension and hyper capnia both induce cerebrovascular dilation, their influence on the flow oscillations was quite differ-ent: CO2 inhalation invariably suspended the oscil lations. A possible explanation is that the CO2 re sponse was due to dilation of vascular segments different from those involved in the autoregulatory vasodilation during hypotension (Tomita et aI., 1977) . The change in pial artery pressure is minimal during CO2 inhalation compared to that during ex sanguination. Sympathetic vasoconstriction may compromise the cerebrovascular response to hem orrhagic hypotension (Edvinsson et aI. , 1985) . On the other hand, the CO2 may have a secondary ef fect through its influence on cerebral glucose me tabolism (Borgstrom et aI. , 1976) .
Physiological significance of flow oscillations
Several cerebral metabolic and circulatory pa rameters show spontaneous oscillatory behavior (Table O . It has been suggested that oscillations reflect the operation of metabolic autoregulation, maintaining an optimal blood flow (Cooper et aI., 1966) . Thus, Halsey and McFarland (1974) ex plained the oscillations in cerebrocortical oxygen availability by a feedback delay between metabolic generation of CO2 and the adjustment of vascular muscle tension influencing local CO2 clearance. We found that mean blood flow was well auto regulated whenever the oscillations were present. The fact that hypercapnia suspended the oscillations without a change in MAP may indicate that CO2 either di rectly affects the vascular segment involved in the vasomotion or it is involved in the mechanism of the flow oscillations. The oscillation-suspending effect of hypercapnia was also found regarding oscilla tions in blood volume (Tomita et aI., 1981) , pial artery diameter (Auer and Gallhofer, 1981; Gotoh et aI. , 1982) , NAD-NADH (Dora and Kovach, 1980) , and oxygen availability (Clark et aI. , 1958; Cooper et aI., 1966; Manil et aI. , 1984) .
Another possible role of flow oscillations may be the enhancement of flow in the microcirculation at times capillary perfusion is compromised. For ex ample, vasomotion may function to maintain the fluidity of blood at low shear stress (Schmid Schonbein et aI. , 1981) . The periodic constriction and dilation of terminal arterioles may result in a cyclic change in driving pressure and the conse quent stop-and-go type of capillary perfusion with a periodic elevation of hematocrit in the distal capil laries (Fagrell et aI. , 1980) . Flow modulation by va somotion may also play a role in the regulation of fluid exchange between capillaries and the sur rounding tissue (Intaglietta and Gross, 1982) .
Finally, flow oscillations may play a role in the dynamic distribution of pial intravascular pressure (Shapiro et aI. , 1971; Hudetz et aI. , 1987) and/or regional cerebral blood flow. Since parenchymal vessels originating from the anastomosing pial arte rial network are functionally end arteries and may be important flow regulators (Mchedlishvili and Ku ridze, 1984) , pial vasomotion may play a similar role to precapillary vasomotion in other tissues in which precapillary anastomoses are more frequent.
